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Abstract 
Gonadal steroid hormones play an important role in adolescent neural and behavioural 
development, causing changes that can be seen throughout life. Endogenous hormones have a direct 
impact on behaviour in both immediate and permanent ways by acting on multiple regions of the 
brain. The mechanisms that underlie the emergence of sexual and risk-taking behaviour during this 
time frame are yet to be fully understood. By using pharmacologic and surgical methods of 
suppressing gonadal steroids during adolescence, the effects of hormonal exposure on brain and 
behavioural development were examined in Lister-hooded rats (Rattus norvegicus). In these 
experiments, gonadal hormones were blocked in rats throughout adolescence using either 
gonadectomies or a pharmacological agent, then physical and behavioural measures were assessed 
into adulthood. Using a battery of behavioural tests including the elevated plus maze, light-dark box, 
open field test, and social tasks, the development of adult-typical anxiety-like, social, and risk-taking 
behaviours were evaluated. Males exposed to lower levels of testosterone during adolescence 
exhibited more feminized behaviour than their male counter-parts with unaltered levels of 
testosterone, including lower levels of anxiety-like behaviour in the elevated plus maze and light-dark 
box, as well as decreased social interactions in the juvenile play task and social preference test. These 
results provide evidence for the organisational effects of testosterone during adolescence on the 
development of behaviour, thus supporting the growing body of literature linking time-sensitive 
hormonal exposure to behavioural development. 
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Chapter 1 
Introduction 
 The brain is an extremely complex organ that regulates and controls everyday function in an 
organism through an intricate network of circuits. In addition to physiological processes, the brain is 
also responsible for behaviour, consciousness, and emotion. To better understand how the brain 
works, we must examine the elaborate mechanisms that determine its development. Numerous 
events occur throughout gestation, infancy, and adolescence that ultimately affect brain structure 
and function; for instance, hormones are known to have a wide range of effects on an organism’s 
neural development. Recent research has furthered our understanding of brain development, 
including evidence that neurodevelopmental processes extend further into adolescence than 
previously predicted. During the adolescent period, steroid hormones released from the gonads 
cause a cascade of physiological reactions that influence behaviour, as well as physical development. 
Continued research is needed to understand how the gonadal steroids, such as oestrogen, 
progesterone, and testosterone, affect neural development during adolescence and subsequently 
influence adult behaviour.  
 
1.1: Hormones and their actions on the brain 
Hormones are endogenous messengers that are secreted from numerous endocrine glands 
and travel throughout the body affecting many different systems; as a result, a single hormone may 
cause a wide range of effects (Evans, 1988). The endocrine system is responsible for the production 
of most hormones in the body; the reproductive organs, or gonads, fall into this category and 
produce primarily steroid hormones (Evans, 1988).  The endocrine system is made of several distinct 
organs each with its own specialized hormonal function, for instance the gonads more robustly 
secreting sex steroids than other structures. However it is worth noting that other endocrine organs 
produce the same steroids, for example, a study in adult castrated men demonstrated continued 
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testosterone production in the adrenals measured via adrenal vein catheterization (Sanford et al., 
1977)  Gonadal hormones work by binding to receptors on cells, causing a cascade of reactions that 
ultimately cause changes in the cell function; hormones may also act through non-receptor pathways 
(Wright et al., 2010). The gonadal hormones testosterone and oestrogen act on receptors located in 
multiple tissues, including areas of the brain such as the hypothalamus, hippocampus, and amygdala, 
modulating their function and long-term development through a wide range or mechanisms 
including synapse formation, cell proliferation, and apoptosis (Naess, 1976; Calandra et al., 1978; 
Viau et al., 1996). Metabolism of the hormones begins within the cells, and the resulting metabolites 
may continue to have effects throughout the body; for instance, testosterone can be converted to 
estradiol and continue to bind to receptors (Villablanca et al., 2013). Hormones are also known to 
have an immediate impact on behaviour; for example certain male-typical behaviours such as varying 
levels and displays of aggression, anxiety, and sexual behaviour can be reduced by suppressing 
testosterone during adulthood in rodents, implying that this hormone exposure may be responsible 
for some of the behaviour seen in adults (King et al., 2005; Aikey, 2002). Hormones and their 
metabolites can thus cause both immediate and long-term effects through their various mechanisms, 
ultimately playing important roles in many biological processes. 
 Gonadal hormones seem to play a significant role in brain maturation during so-called 
“sensitive periods” of neural development (Nugent, 2012; Sisk, 2005). One of these periods is the 
perinatal stage of development where permanent modifications to the brain can occur as a result of 
hormone exposure. A considerable number of studies have shown a link between hormones and 
neural development during the perinatal stage of life, with certain neural circuits being sensitive to 
steroid hormone exposure immediately before and following birth (Brown and Spencer, 2012). For 
example, testosterone exposure in male mammals begins during the perinatal period both prior to 
and following birth, and, more than half a century ago, a ground-breaking study revealed that female 
guinea pigs treated prenatally with testosterone displayed more masculinized mating behaviour than 
control females (Phoenix et al., 1959). This first empirical evidence showing that perinatal steroids 
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facilitated brain development, ultimately shaping adult behaviour, was followed by many more 
studies supporting the idea that hormones have a direct connection to the development and 
activation of neural circuits at specific stages of life (Wallen, 2009). 
Because neuroplasticity was initially thought to diminish over time, the time-sensitivity of 
hormonal effects has been the focus of much research. Until recently, the perinatal period has been 
considered the primary time frame of neural re-organization caused by gonadal hormone exposure; 
previous theories suggested that the window for increased hormonal sensitivity closed shortly after 
infancy. Testosterone levels in male mammals are relatively low in the juvenile stage, followed by a 
dramatic increase during adolescence, and then a levelling off into adulthood; conversely, female 
mammals have a consistently lower lever of testosterone throughout life (Brown and Spencer, 2012). 
Though sex steroid production increases during adolescence, behavioural changes that occur during 
this time frame were believed to be the result of activational testosterone exposure, with hormones 
impacting upon established neural circuits triggering their activation and hence behaviour. However, 
recent studies have shown that more brain development occurs during adolescence than previously 
thought (Sisk and Zehr, 2005; Juraska et al., 2013). The increase in circulating hormone levels during 
adolescence is now believed to have an organisational effect on the brain, permanently altering its 
structural and connective anatomy (Nugent, 2012; Sturman, 2011). Interestingly, recent studies have  
established that certain species have testosterone dependent neuroplasticity throughout adulthood; 
for example, when starlings were treated with testosterone metabolite agonists and antagonists, 
significant changes in neural structures associated with bird-song were seen (Hall et al., 2012). 
Continued research is necessary to improve our understanding of the time sensitivity of sex steroid 
exposure, specifically its effects on neural development 
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1.2: Neural development during adolescence 
Due to the complexity of the brain, the processes underlying neural development have been 
a focus of contemporary research for many years; studies have been conducted examining the 
processes that result in the formation and refinement of the neural-axis from conception through to 
adulthood. Initial findings supported the idea that the majority of human neurodevelopment takes 
place during gestation and immediately following birth (reviewed by Blakemore, 2012). Recently, 
however, evidence has emerged showing a more prolonged process terminating in adulthood, 
specifically emphasizing the significant brain maturation that occurs in adolescence. Results from 
human fMRI and MRI studies support the growing body of literature suggesting a more prolonged 
time frame of neuroplasticity following birth than originally anticipated (Blakemore, 2012). For 
instance, an fMRI study of the neural development of humans aged 4 to 20 years showed that white 
matter volumes increase, whereas grey matter volumes decrease, throughout adolescence (Geidd, et 
al, 1999). Further evidence suggests that some connective anatomy within the brain changes 
throughout adolescence, ultimately linked to permanent effects on neural structure (Johnson et al., 
2009; Sisk, 2004). Other studies had shown that structural sex differences also emerge during 
adolescence such as the enlargement of amygdala in men and the hippocampus in women (Lenroot 
et al, 2010). Additionally, a recent study examined neurogenesis during adolescence in various parts 
of the limbic system: using staining that differentiates cells by age in conjunction with c-Fos staining 
for measuring neuronal activity, it was determined that cells synthesized during adolescence are 
integrated and used in functional circuits (Mohr and Sisk, 2013). The physical processes that result in 
this re-organisation include axonal generation, synaptogenesis, myelination, neurogenesis, and 
apoptosis (Sisk and Zehr, 2005). 
Adolescence is a transitional stage of life beginning with puberty cumulating in the 
development of survival and reproductive behaviour in an independent organism; in humans, 
adolescence is generally considered to be the period from 12 to 18 years of age (Spear, 2000). 
Adolescence is a period marked by many rapid changes in anatomy, physiology, and behaviour 
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(Sturman, 2011), such as increased growth and metabolic needs, sexual maturity, and cognitive 
abilities. Puberty is a discreet process during adolescence where the hypothalamic-pituitary-gonadal 
axis activates, culminating in sexual maturation and most of the anatomical changes necessary for 
development into an adult (Sisk and Foster, 2004). Interestingly, the timing of puberty has recently 
been linked to prenatal gonadal steroids; testosterone treatment administered in utero to female 
sheep advanced puberty to the timing seen in males (Foster, 2002). Though it is commonly accepted 
that neural signals initiate the cascade of events leading to the onset of puberty, these results 
suggest that steroid hormones can influence the upstream circuits that regulate adolescent 
developmental processes. Puberty begins when neural signals trigger the hypothalamus to release 
Gonadotropin Releasing Hormone (GnRH) to the anterior pituitary, which then secretes Follicle 
Stimulating Hormone (FSH) and Luteinizing Hormone (LH) into the blood stream. Eventually, the FSH 
and LH act on the gonads causing the production of certain steroid hormones, such as testosterone, 
progesterone, and oestrogen, which plays a fundamental role in sexual maturation.  
Pubertal changes commonly seen across many species are rapid weight gain, the final 
maturation of sex organs, and increased energy expenditure (Bitar, 2000). In humans, secondary 
sexual characteristics that arise during puberty include the development of breasts in females and 
the growth of body and facial hair in males (Sisk, 2005). Puberty ends before the conclusion of 
adolescence, allowing for continued neural development for a more prolonged period of time. These 
physical changes are brought on by a multitude of biological and environmental circumstances that 
aid in the development of an organism into a functional and successful adult (Vetter-O'Hagen et al. 
2012). During adolescence, the sexes diverge from each other in both physical and behavioural 
measures (Lenroot, 2010). For example, risk-taking (defined as a tendency to engage in behaviours 
that potentially cause oneself harm, but may provide a positive outcome in some regard; Spear, 
2000) increases drastically during adolescence, especially in males (Romer, 2010; Trimpop, 1999), 
and has been linked to circulating testosterone levels (Vermeersch, 2008). Sex differences in the 
prevalence of mood disorders also emerge during adolescence, with adolescent girls being more 
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likely to develop these disorders than adolescent boys (Hankin et al., 1998). Continued research is 
pertinent to gain understanding of the developmental process that cause the wide range of 
adolescent behavioural changes that may result in these risky activities and vulnerability to mental 
health disorders. 
 
1.3: Adolescence and behaviour in rodents 
Mammals undergo pubertal development when the hypothalamic-pituitary-gonadal (HPG) 
axis is activated, triggering physical and behavioural changes seen in adolescence across many 
species, such as growth spurts and the development of survival behaviours (Spear, 2000). Puberty is 
a discrete process within the broader adolescent period; rats are considered adolescents between 
PND 21-60, with early adolescence defined as PND 21-34, mid adolescence defined as PND 34-46, 
and late adolescence defined as PND 46-59 (Tirelli et al. 2003). A range of behavioural changes occur 
during adolescence across many mammal species, including courtship, mating, foraging or hunting, 
predator awareness, fear response, and aggression; all of which hold importance in surviving and 
reproducing (Spear, 2000). As the endocrine mechanisms that underlie puberty are similar between 
most mammals, studying behavioural changes in developing subjects in a laboratory species, such as 
the rat, may provide insight to human adolescence. Though small differences can be noted in the 
mechanisms of adolescent development between mammalian species, the overall processes are 
largely similar, with different species accomplishing the same biological function with similar 
hormones; for instance, cortisol is a stress hormone released in humans, whereas the equivalent 
hormone in rats is corticosterone (Koren et al, 2012). As summarised below, experimental studies of 
rodents using both pharmacologic and surgical techniques have shown that by altering gonadal 
hormone levels, female behaviour may be masculinised or defeminized, and male behaviour may be 
feminized or demasculinised (Sisk and Zehr, 2005).  
Of the sex differences that emerge during adolescence, play behaviour remains one of the 
first and most noticeable  behavioural changes that occur. Rats participate in elevated levels of 
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rough-and-tumble play during adolescence, defined as aggressive but non-threatening interactions 
between conspecifics such as the biting of the nape or pinning (Pellis, 1992). Play is often the first 
non-maternally directed social behaviour exhibited by rats, potentially shaping further and more 
complex behaviours (Klein, 2010). One defining aspect of play is that these behaviours seem to 
diminish substantially following the conclusion of puberty; rats exhibit most play fighting between 
post-natal days 30 and 40, suggesting that play initiates social development (Pellis, 1992). 
Interestingly, female rats that are treated with testosterone during the first few days of life exhibit 
higher levels of play during adolescence than control females (Pellis, 1992). Additionally, male rat 
that have been gonadectomised prior to puberty exhibit diminished levels of rough-and-tumble 
throughout adolescence when compared to their sham-operated counterparts (Cooke and Woolley, 
2008), which suggests that testosterone has both organisational and activational effects on play 
behaviour. 
One of the most noticeable manifestations seen during adolescence regards the 
development of sexual behaviours. Typically, sexual behaviour in not displayed until puberty begins 
(Sisk, 2004). At this point, courting and mating presentations are developed, such as lordosis posture 
in female rats (Sisk and Zehr, 2005). Studies of ovariectomised females have revealed that the 
development of lordosis behaviour in adult rats to be highly dependent on oestrogen exposure (Pfaff 
and Sakuma, 1979). Similarly, male sexual behaviour in rats seems dependent on circulating 
testosterone, as castrated males exhibit longer intromission latencies and post-ejaculatory intervals 
than control males (Damassa, 1977; Miller, 1977). Evidence also exists linking the effects of female 
typical hormones to diminished sexual behaviour in males: pharmacologic doses of progesterone 
administered to adult male rats effectively inhibit the expression of testosterone-dependent male 
copulatory behaviour (Witt et al., 1993). Studies have used prepubertal and postpubertal 
gonadectomies followed by varying levels of testosterone replacement to determine that the 
development of adult sexual behaviour typical to male rats depends on testosterone exposure prior 
to puberty (Romeo et al, 2001). In a study on hamsters, males were castrated prior to the onset of 
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puberty and then testosterone replacement occurred either earlier than, during, or later than the 
typical time of the increase in testosterone associated with puberty; in adulthood, subjects were 
readministered testosterone and then tested for mating behaviours. By using this technique 
experimenters can manipulate the timing of pubertal testosterone release and see its 
neurodevelopmental effects. Males exposed to late pubertal testosterone exhibited lowered levels of 
mating behaviour compared to their early and normal exposure counterparts (Sisk, 2009). This 
suggests that the window to develop appropriate mating behaviours closes following the conclusion 
of adolescence and is highly dependent on appropriately timed testosterone exposure. 
Studies of laboratory rodents have shown that males and females display differences in non-
social behaviour during adulthood, such as differences in response to novel environments (Johnson 
et al, 2001). Recent behavioural studies using the elevated plus maze and open field test have in rats 
have shown that exploratory behaviours emerge at the beginning of adolescence and increase 
continually until adulthood (Lynn and Brown 2010). These exploratory behaviours are likely driven by 
an increase in response to novel stimuli and anxiety reactivity. In studies using an open field and 
elevated plus-maze it was determined that throughout adolescence subjects are increasingly more 
investigative of unfamiliar environments and objects (Lynn and Brown, 2009). Interestingly, females 
actually engaged in higher levels of response to novelty than their male counterparts, implying that 
there are distinct physiological processes in each sex that result in behavioural sex differences. 
Additionally, adolescence is characterized by increased production of other hormones such 
as cortisol secreted from adrenal medulla; these various hormones may interact with testosterone 
and affect behaviour. Stress is controlled by a specific neuroendocrine system known as the 
Hypothalamic-Pituitary-Adrenal (HPA) axis, which reacts to certain stimuli to initiate survival 
behaviour, generally by releasing the glucocorticoid cortisol or corticosterone into the blood that acts 
on many other body systems (Brown and Spencer, 2013; Spear, 2000). Pronounced physiological and 
behavioural changes occur in response to glucocorticoid release, such as elevated cardiopulmonary 
output and enhanced fear avoidance (Myers et al., 2014) During adolescence, organisms are more 
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responsive hormonally and physiologically to stressors than in adulthood; stress reactivity causes a 
hormonal cascade that produces anxiety-like behaviour (Spear, 2000). Research exists showing that 
the sex hormones, testosterone and oestrogen, act directly on multiple structures in the HPA axis, 
including the hypothalamus, pituitary gland, and adrenal glands modulating its function. (Naess, 
1976; Miyamoto at al., 2007; Calandra et al., 1978; Viau et al., 1996). Testosterone is known to 
reorganize these regions by action on the benzodiazepine-GABA receptor complex in response to 
environmental cues (Primus et al., 1990). As these behavioural changes occur simultaneously with 
the resurgence of gonadal hormones, one could hypothesize that they are directly related. 
 
1.4: Experimental methods in adolescent neuroendocrinology 
 The aim of this research was to further investigate how the pubertal resurgence of sex 
steroids affects the development of social, anxiety-like and risk-taking behaviours in laboratory rats. 
In the following experiments, a series of different techniques were used to alter circulating hormones 
during specific periods of time. By studying animals with blocked or reduced hormones during 
adolescence and then studying the resulting effects on behaviour, we may gain a better 
understanding of the role these hormones play in behavioural development. Many different methods 
exist from surgical interventions to implants and pharmaceuticals to alter steroid levels both 
permanently and temporarily (Cox, 2009). These methods include the surgical removal of hormone 
producing glands and organs, and pharmacological agents that effectively suppress hormone 
expression. However, each of the procedures altering sex steroids provides their own complications, 
necessitating the use of multiple techniques in multiple species. 
The specific procedure used in studies of sex hormones typically is the gonadectomy, the 
removal of either ovaries or testes which eliminates gonadal hormone production. Though surgical 
techniques may present the most effective and inexpensive way to inhibit hormone production, 
there are many cofactors that can confound results. Surgical methods result in permanent effects; 
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once a gland is removed the hormones it once produced are no longer secreted for the remainder of 
the subject’s life (Sisk, 2005). By timing the surgeries around specific stages of a subject’s lifespan 
such as birth or puberty, we can study the roles that these hormones play in the development of 
certain behaviours throughout adulthood (Sisk, 2005). This method has been used previously to 
demonstrate the importance of time-dependent testosterone exposure on the development of 
spacial learning: pre-pubertally castrated male rats displayed enhanced spatial learning in the Moris 
Water Maze during mid-adolesence when compared to sham controls (Moradpour, 2013)  
Unfortunately causing non-reversible changes does not facilitate investigating time-dependent 
characteristics and subsequent intervention is required.  One way of dealing with this problem is 
subsequent hormonal treatment via injections or implants administered after surgery at the desired 
time (Cox, 2009). Studies, such as one conducted in hamsters investigating adolescent testosterone 
on adult mating behaviours, use gonadectomies performed prior to or following puberty to examine 
followed by hormone replacement to determine the specific time-sensitive effects of hormonal 
manipulations (Sisk 2005). However, a common side effect of supplemental hormonal treatment is 
fluctuations in weight (Scheuer, 1987); though the weight itself may not matter to the experiment 
the behaviour exhibited in testing environments may be affected due to a reduced ability to move or 
a decreased energy supply. Another drawback of surgical studies relates to how simply undergoing 
surgery may lead to behavioural changes unrelated to the physical alterations directly made by the 
surgery. Sham surgeries must be conducted on control subjects.  
Another method utilises pharmaceuticals that have been developed to block the production 
of sex hormones, the compounds are eventually metabolized and excreted from the body allowing 
for a resumption of hormone synthesis. One category of hormone blockers is GnRH antagonists; 
these work by blocking the GnRH receptors located in the anterior pituitary, as explained earlier 
GnRH causes a cascade of events ultimately leading to the production of both testosterone and 
oestrogen in the gonads (Heber, 1982). By blocking upstream precursors to sex steroid production 
instead of simply blocking the steroids themselves, a more global reduction in testosterone and 
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oestrogen is achieved more reliably by preventing hormonogenesis opposed to simply stopping sex 
steroids as they are produced. These drugs block gonadal hormone production temporarily and 
reversibly; this remains pertinent in studying adolescence because by using these drugs, you can 
effectively delay the prepubertal hormone surge ensuring subjects go through adolescence without 
testosterone or oestrogen.  Though much about the specific mechanisms of these drugs are known, 
the duration, side effects, and intensity of hormonal suppression are not well understood; further 
diagnostic research of these drugs is needed in order to determine their application to a wide range 
of studies examining time-dependent hormone exposure. 
  A gap exists in the literature regarding the effects of hormones at specific time frames on the 
development of anxiety-like, risk-taking and social behaviours. Evidence clearly shows a relationship 
with circulating hormone levels and behaviour; however more research is needed to determine how 
the effects of adolescent exposure vary from adult exposure. With the current study we hope to gain 
further understanding of how adolescent organisational gonadal hormones shape risk-taking and 
social behaviour through puberty and into adulthood. I will examine the time sensitivity of hormone 
exposure by using typical sex differences and a variety of techniques to alter endogenous hormonal 
levels at specific times to study the behavioural and physiological effects of gonadal steroids. The 
following chapters present the methods, results, and interpretations of a series of experiments that 
use different methods to investigate behavioural development during adolescence as it relates to 
hormonal neural processes. In study 1, male and female rats underwent a battery of behavioural 
tests to determine typical sex differences. In study 2, male rats were treated with Antide (GnRH-
antagonist) to delay the hormonal surge till after adolescence; the subjects then underwent 
behavioural tests for comparison with untreated males and females. In study 3, both males and 
females were gonadectomised prior to and following puberty; subjects were behaviourally tested in 
adulthood, with early gonadectomised subjects being compared to late-gonadectomised subjects. 
Using these methods, we gained insight on the effects of adolescent gonadal hormones on the 
development of adult behaviour. 
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Chapter 2 
Sex differences in adolescent play and anxiety-like behaviour 
 
2.1: Introduction 
The aim of this study was to collect baseline data on sex differences in adolescent play behaviour and 
adult response to novel, anxiety-inducing environments in rats, using widely accepted and published 
methods. Though control subjects were used in the later studies, a comparison solely between 
untreated males and females is necessary to characterize the stereotypical differences of masculine 
versus feminine behaviour; in later discussions this comparison is used for the determination of 
masculinising or feminising treatment effects. Behavioural tests included an adolescent play 
behaviour task, an elevated plus-maze, and a light-dark box. In the adolescent play behaviour task, 
pairs of subjects were placed into a novel environment and then allowed to interact for a period of 
time, during which the frequency of various play behaviour patterns were measured. During 
adolescence, male rats are reported to exhibit higher levels of play fighting than females, usually 
peaking between post-natal day 30 and 40 (Pellis et al., 1997).  
The elevated plus-maze is a well-validated model of anxiety-like behaviour. In the elevated 
plus-maze, a subject is placed into a four-armed apparatus (described in detail below) where it can 
choose to spend time in either exposed or confined arms. Animals that spend more time in the open 
arms are suggested to exhibit lower levels of aversion to exposure (Pawlak, 2012), as being in an 
exposed environment potentially increases the risk of predation and injury (Green et al., 2013). 
Studies utilizing a glucocorticoid agonists have demonstrated that the hormones linked to stress 
response decrease time spent in the open arms of the elevated plus-maze (Myers et al., 2012), 
implying that the HPA-axis is tied closely to the anxiety-like behaviours exhibited in this task. In the 
light-dark box, the subject is placed into a two-chambered testing apparatus with one portion 
brightly lit and the other dark; the subject can move freely between the chambers. Adult female rats 
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spend more time on the open arms of the elevated plus maze, and spend more time in the light area 
of the light-dark box, compared to adult males (Imhof et al., 1993; Hughes et al., 2004). 
 In this study, male and female rats were tested during adolescence (postnatal days 28-44) 
for play behaviour and in adulthood (postnatal days 95-96) for anxiety-like behaviour in the elevated 
plus-maze and light-dark box. Based on previous findings, males were predicted to show higher 
levels of adolescent play behaviour than females, and females were predicted to spend more time on 
the open arms of the elevated plus-maze, and more time in the light area of the light-dark box, than 
males in adulthood. 
 
2.2: Methods  
Subjects 
All subjects were bred from an in-house colony of Lister-hooded rats (Rattus norvegicus) (breeding 
stock acquired from Harlan, Blackthorn, UK). Subjects were maintained in a controlled environment 
(lights on 07:00-19:00 at approximately 90 lux; temperature 20 ± 1˚C; relative humidity 55 ± 5%) 
housed in plastic opaque and wire mesh cages (52cm x 40cm x 26cm). Water and soy-free pellets 
were available ad libitum. The subjects of this study were 16 male and 14 female Lister-hooded rats 
from 4 different litters. Following birth, the subjects were weaned into same-sex groups of siblings 
on postnatal day (PND) 24 and then into same sex pairs on PND 26. Body weight was measured every 
7 days beginning on PND 21 through the adolescent testing period, and individuals were tail-marked 
with coloured ink for identification. All guidelines and requirements set out in the Principles of 
Laboratory Animal Care (National Institutes of Health, U.S.A., Publication No. 86-23, revised 1985) 
and the U.K. Animals (Scientific Procedures) Act 1986 were followed. The research was carried out 
under Home Office project licence number 60/4354. 
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Adolescent Play Behaviour: 
Adolescent play behaviour was assessed every two days between PND 28-44, by placing two cage-
mates into a novel arena and observing play interactions. The novel arena consisted of an enclosed 
square Plexiglas chamber (48cm x 46.5cm x 43.75cm), located in a testing room with dim white 
lighting (30 lux). The floor of the chamber was covered in sawdust. The arena was raised on a table 
and surrounded by a black curtain. A camera mounted on a tripod at a high angle recorded each 
testing session. The testing order alternated between males and females to prevent any bias based 
on the timing of circadian rhythms. At the time of testing, two same sex cage-mates were placed in a 
transfer container and conveyed to the procedure room. Subjects were immediately placed in the 
novel Plexiglas chamber together and behavioural measurements began within 5 seconds. From 
placement in the arena until the end of the 5-minute testing session, video was coded live, recorded, 
and stored. Videos were later scored again for consistency; to ensure behavioural definitions were 
clear and well-defined five videos were coded by an independent observer for comparison. Coding 
was completed by entering frequencies of the following behaviour patterns (table 2.2.1) into an in-
house designed Observe software (behavioural definitions adapted from Pellis, 1992; Klein, 2010): 
Table 2.2.1: Definitions of play behaviour  
Behaviour Description 
Nape Bite 
Subject aggressively attacks nape of the neck of the partner from a standing or 
lunging position 
Receive Nape Bite  
Partner aggressively attacks nape of the neck of the subject from a standing or 
lunging position 
Mounted Nape 
Bite 
Subject attacks nape of the neck of the partner with at least 50% of its body on 
top of the partner. Partner must have at least 3 limbs on the ground. 
Receive Mounted 
Nape Bite 
Partner attacks nape of the neck of the subject with at least 50% of its body on 
top of the subject. Subject must have at least 3 limbs on the ground. 
Boxing 
Both partners rear onto hind limbs while facing each other, each making 
contact with one another with at least one paw. 
Supine Pin 
Subject holds partner in supine position until disengagement. At least 3 limbs 
must be off the ground. 
Receive Supine Pin  
Subject is held in a supine position by partner until disengagement. At least 3 
limbs must be off the ground. 
Side Pin 
Subject holds partner on side for at least 2 seconds, 2 limbs must be off the 
ground. 
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Receive Side Pin  
Partner holds subject on side for at least 2 seconds, 2 limbs must be off the 
ground. 
Face exploration Subject’s snout comes within 1cm of partner’s snout for at least 2s. 
Anogenital 
exploration 
Subject’s snout comes within 1 cm of partner’s anogenital region for at least 2s. 
 
Total rough-and-tumble play was calculated by combining the total numbers of mounted 
nape bites, supine pins, and side pins for either performing or receiving. At the conclusion of the 
test, subjects were immediately removed from the arena, and transferred back to the home cage. 
Between each testing session, the sawdust was removed and the chamber was cleaned with 70% 
ethanol to eliminate odours of the previous testing pair. The time of testing male and female pairs 
was counterbalanced across the day, and testing took place between 09:00 and 15:00. 
 
Elevated Plus Maze (EPM): 
Adult behavioural testing took place on PND 95 and 96, with half of the subjects being tested in the 
EPM first, and half being tested in the light-dark box first. The EPM apparatus consisted of four equal 
length arms arranged in two perpendicular corridors with a middle cross section (constructed from 
grey-painted wood), elevated 50cm above the floor (Figure 2.2.1). Two opposite ‘closed’ arms are 
surrounded on the sides by walls, while the other two ‘open’ arms remain completely exposed. The 
arms measured 50.5cm by 11cm, with a closed arm height of 40cm. The EPM was located in a testing 
room, surrounded by a black curtain, with lighting maintained at approximately 40 lux.  
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\ 
Figure 2.2.1: Still from video recording of elevated plus maze. 
 
At the time of testing, the subject was placed in a transfer container and conveyed to the 
procedure room. The subject was immediately placed in the centre of the elevated plus maze and 
behavioural measurements began within 5 seconds. From placement in the arena until the end of 
the 5-minute testing session, video was recorded and stored. Subjects were scored on the following 
behaviours by direct entry into the Observe software, which was later used to calculate frequencies 
of entries onto closed and open arms, as well as the amount of time spent on closed and open arms: 
 
Table 2.2.2: Definitions of elevated plus maze behaviour 
Behaviour Description 
Closed Arm Entry Subject moves from the Central Platform to a Closed arm (all four paws in). 
Open Arm Entry Subject moves from the Central Platform to an Open Arm (all four paws in). 
Central Platform 
Entry 
Subject moves from an Open or Closed Arm to the Central Platform (two or 
more paws in). 
Head Dip 
Subject scanning over the sides of the maze towards the floor while fully in an 
open   arm. 
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  Subjects were then immediately removed from the EPM apparatus, and transferred back to 
their home cage. Between each testing session, the apparatus was cleaned with 70% ethanol to 
eliminate odours of the previous subject.  
 
Light-Dark Box: 
The light-dark box apparatus consisted of an enclosed and partitioned rectangular Plexiglas chamber 
(Figure 2.2.2). This chamber was separated into two sections by a barrier with a hole large enough 
for the subject to easily pass though. One portion was entirely enclosed and covered in black painted 
panels to block light; this portion measured 69.5cm x 46.5cm x 43.75cm. The other portion was 
enclosed on the sides, without a lid, and measured 48cm x 46.5cm x 43.75cm. A desk lamp equipped 
with a 60watt light bulb was placed just above the top of the chamber. The intensity of the light in 
the exposed portion of the apparatus was maintained at approximately 225 lux. Behavioural 
measures taken included: latency to enter the lit chamber, time spent in each chamber, total number 
of chamber changes, total number of rears in the lit chamber, and total number of investigations into 
the lit chamber defined as a subject placing it’s head (ears must be visible) through the portal 
between the chambers without a complete area change. 
 
Figure 2.2.2: Aerial view photograph of a similar light-dark box apparatus. 
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Statistical Analyses: 
Following all data collection, the video recordings were reviewed by the experimenter; behavioural 
data was interpreted, recorded, and organised in a series of spreadsheets. Statistical analysis was 
carried out using IBM SPSS version 21 on Windows 7. For all measures, a Kolmogorov-Smirnoff-Test 
was performed to assess for normal distribution of data points. All data came back normally 
distributed, so parametric tests were used. A within-subject Analysis of Variance (ANOVA) with 
repeated measures for adolescent play behaviour was conducted, with ‘day’ as the repeated 
measure and sex as the between-subject variable. For the play behaviour, subjects were tested in 
pairs; therefore, the ‘pair’ was the unit of analysis (i.e., 8 male pairs, 7 female pairs). As the repeated 
measure ANOVA revealed no significant main effect of testing day, the data from these measures will 
be excluded for brevity; subsequently, the data across all days were summed and analysed using a 
multivariate ANOVA. All other data were examined using between-subject multivariate ANOVAs with 
sex as the between-subject variable. 
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2.3: Results 
Adolescent play behaviour 
The analyses revealed a significant effect of sex on the total number of rough-and-tumble play 
behaviours (F1,22=9.74, p= 0.008) with males engaging in more play than females (males: 20.8 ± 6.3; 
females 4.4 ± 1.9; Figure 2.3.1). A significant effect was also seen in the total number of nape bites 
given or received (F1,22= 29.6, p< 0.001) and engagements in boxing (F1,22= 8.8, p= 0.011) with males 
performing more nape bites (males: 54.1 ± 6; females: 15.0 ± 3.5; Figure 2.3.1) and engaging in more 
boxing than females (males: 30.6 ± 3.6; females: 16.1 ± 3.2; Figure 2.3.1). However, no significant sex 
difference was found for either anogenital exploration (F1,22= 2.3, p= .157; males: 69.8 ± 6.6; females 
57.4 ± 4.4) or facial exploration (F1,22= .47, p= .503; males: 36.1 ± 2.4; females: 33.4 ± 3.1). 
 
Figure 2.3.1: Sex differences in adolescent play behaviour. Nape Bite, Boxing, and Rough-and-Tumble 
show significant sex differences with males engaging in more frequent play behaviour. 
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Elevated Plus Maze 
There was a significant main effect of sex on the time spent in the closed arms (F1,22= 14.88, p= 
0.001) and the total number of closed arm entries (F1,22= , 9.11, p= 0.006). Females spent more time 
in the closed arms (females: 116.9 ± 10.0s; males: 62.8 ± 9.8s; Figure 2.3.2) and entered the closed 
arms more frequently than males (females: 9.1 ± .45 per 5 minutes; males: 7.0 ± .52 per 5 minutes; 
Figure 2.3.2). However there was no significant effect of sex on the time spent in the open arms 
(F1,22= 0.56, p=0.461; females: 120.5 ± 10.75s; males: 132.8 ± 12.42s) or the total number of 
entrances into the open arms (F1,22= 1.51, p=0.232; females: 9.9 ± .63 per 5 minutes; males: 8.8 ± .71 
per 5 minutes). The total number of head dips did not differ between sexes (F1,22= 0.03, p= 0.861; 
females: 11.2 ± .6 per 5 minutes; males: 11.4 ± 1.3 per 5 minutes).  
 
Figure 2.3.2: Bar Graph showing the distribution of time spent in the open and closed bars of the 
elevated plus maze.  
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Light dark box 
There was a significant main effect of sex on the time spent in the light portion of the arena (F1,22= 
12.95, p= 0.002), on the latency to enter the light portion of the arena (F1,22= 9.70, p=0.005), the 
frequency of changes from one chamber of the arena to another (F1,22= 6.31, p=0.02),  and the 
number of investigations into the light portion of the arena (F1,22=  11.37, p=0.003). Females spent 
more time in the light portion of the arena (females: 57.5 ± 9.9s; males 17.8 ± 5.0s; Figure 2.3.3), had 
a shorter latency to enter the light portion of the arena (females: 58.4 ± 17.8s; males: 149 ± 23.0s; 
Figure 2.3.3), moved from one chamber to another more frequently than males (females: 7.0 ± 1.0; 
males: 5.4 ± 0.8), and females investigated the lit portion of the arena more frequently (females: 
12.7 ± 1.0; males: 10.6 ± 0.8). 
 
 
 Figure 2.3.3: Graphic representation of sex differences in light-dark box. 
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Discussion 
In this study, adolescent males engaged in more frequent play than their female counterparts, in line 
with previous studies (Pellis et al., 1992; Pellis et al., 1997; Klein 2010). More specifically, males 
exhibited higher frequencies of pins, side pins, mounted nape bites, and nape bites. In our juvenile 
play task, both females and males were subjected to a novel environment, known to be a stressful 
stimulus (Wingfield et al, 2013) that facilitates play behaviour. A subject’s willingness to engage in 
potentially risky social behaviours may reflect its current level of anxiety. Since males exhibited more 
frequent bouts of play, this suggests a lower level of social anxiety (Green et al, 2013). As the only 
significant sex differences seen were in the most rigorous social interactions including rough-and-
tumble play, one could interpret this result as males more readily engage in high risk social 
interactions. Interestingly, other less risky social interactions such as anogenital and facial exploration 
did not differ between the sexes suggesting that gonadal hormones may not affect all aspects of 
social development. In future studies using the juvenile play test, subjects should be tested 
exclusively with unfamiliar partners to prevent pre-established social relationships from affecting the 
observed behaviour. 
In the light-dark box, males spent less time in the exposed lit chamber, and took longer to 
enter this portion of the arena, compared to females, in line with previous studies (Hughes et al., 
2004). The results in the light-dark box indicated that males exhibited higher levels of anxiety-like 
behaviour than did females by spending less time in the exposed lit portion of the arena. As 
predicted, the data from this test suggest certain discreet sex differences of anxiety-linked 
behaviours in rats. These results reflect much of the published literature regarding rat behavioural 
sex differences in avoidance anxiety, specifically that males exhibit more anxiety-like behavioural 
patterns when introduced to a risky environment.  
In the elevated plus maze, males spent more time on the open arms than did females. This 
finding contradicts previous studies, which have generally reported that females spend more time on 
the exposed arms (Imhof et al., 1993); conversely to pre-existing data, our males spent more time in 
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the open arms of the EPM suggesting that males experience lower levels of anxiety than females. 
However, our testing conditions may have produced more anxiolytic effects than other studies due to 
the lower intensity of light used. As seen in the light-dark box, more intense light seems to increase 
male anxiety. Additionally, the experimental design required that half of the subjects undergo light-
dark box testing the day prior to the elevated plus maze testing, possibly lowering the stress levels 
associated with novel testing environments. Further testing should prevent subjects from being 
tested repeatedly over several days to eliminate confounding variables such as habituation to testing 
or potential attenuation of handling stress. Additionally, to add strength to the results a larger 
sample size should be used in future studies, this will allow for a deeper insight into the more subtle 
behavioural sex differences that the subjects may exhibit. 
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Chapter 3 
 
Investigation into the role of adolescent gonadal hormones on the development of social, risk-
taking, and anxiety-like behaviours using a pharmacologic approach 
 
3.1: Introduction 
The aim of this study was to examine the effects of gonadal hormone production during adolescence 
on play, social, anxiety, and risk-taking behaviours by using a pharmacological approach, specifically a 
metabolisable agent administered prior to the onset of puberty. The drug used in this study was 
Antide, or Nal-Lys, a 3rd generation GnRH antagonist that can be used as a hormonal treatment to 
lower sex steroid production. A recent study has shown that administration of Antide to pre-
adolescent male rats resulted in lowered serum levels of testosterone and attenuated male-typical 
response to novelty compared to control males (Brown and Cyrenne, 2011)  in light of the data 
previously produced in this lab, we will focus on the specific effects of testosterone on male-typical 
behaviour. In the following experiment, we evaluate the effectiveness and usefulness of this drug in 
studying adolescent hormones on other behavioural measures. By using a GnRH antagonist, one is 
able to elicit relatively long-term suppression of circulating gonadal hormone levels, as the 
antagonist competitively binds to GnRH receptors in the pituitary and down-regulates production of 
gonadotropins, thereby suppressing the release of gonadal steroid hormones. The antagonist 
eventually becomes unbound and metabolised, so levels of gonadotropins and gonadal hormones 
begin to rise again as the receptors become available for endogenous GnRH. By administering the 
antagonists just before adolescence starts, you are effectively delaying the pubertal rise in gonadal 
hormone production and dissociating any timed neural developmental changes from the changes in 
hormone levels. Subjects were given a bolus dose of Antide in early adolescence to supress 
testosterone production and then studied throughout development into adulthood using both 
physical and behavioural measures. Because we expect Antide treated males to exhibit behavioural 
responses that are more feminized and less masculinized, control groups consisted of both males and 
females.  
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Using a battery of five behavioural tests allows for a more in depth view at the global effects 
of adolescent hormones.  The behavioural tests included the elevated plus maze, the light-dark box, 
the open field test, a novelty preference task, and adolescent play behaviour.  A novelty preference 
task examines a subject’s interest in sexual novelty versus object novelty; since testicular hormones 
have been linked to sexual behaviour and adolescence is a time when sexual interest begins, varying 
levels of testosterone may affect a subject’s behaviour when exposed to a novel opposite-sex 
partner. Physical measures included anogenital distance, body weight, and testicular weight. By 
studying the effects of this drug, its usefulness in further time sensitive hormonal studies can be 
assessed. As seen in previous literature, I predicted the dose of Antide would lower the levels of 
serum hormones through adolescence until the drug had been metabolized at which point 
hormones would return to near homeostatic levels. Additionally, we predicted that the subjects 
treated with Antide during adolescence would exhibit more feminized risk-taking, social, and anxiety 
behaviour compared to their untreated counterparts. Unfortunately, due to a reduced sample size, 
the resulting data from this experiment may be considered pilot work; further studies will be needed 
to elucidate the more subtle differences between treatment groups.  
 
3.2: Methods 
Subjects 
All subjects were bred from an in-house colony of Lister-hooded rats (Rattus norvegicus) (breeding 
stock acquired from Harlan, Blackthorn, UK). Subjects were maintained in a controlled environment 
(lights on 07:00-19:00 at approximately 50 lux; temperature 20 ± 1˚C; relative humidity 55 ± 5%) 
housed in plastic opaque and wire mesh cages (52cm x 40cm x 26cm). Water and soy-free pellets 
were available ad libitum. Eighteen experimental subjects (12 males and 6 females) and twelve play 
mates (6 male and 6 female) from four different litters were weaned at PND 24 into same-sex groups 
with littermates. Subjects were then separated into same-sex sibling pairs on PND 26. Sample size 
was determined by the number of available juvenile subjects of each sex from different litters. Body 
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weight (beginning on PND 21) and (anogenital distance beginning on PND 28) were measured every 
7 days and individuals were tail-marked with coloured ink for identification. All guidelines and 
requirements set out in the Principles of Laboratory Animal Care (National Institutes of Health, 
U.S.A., Publication No. 86-23, revised 1985) and the U.K. Animals (Scientific Procedures) Act 1986 
were followed. The research was carried out under Home Office project licence number 60/4354. 
 
Hormone manipulation and physical measurements 
Eighteen animals were designated into three groups, 6 Antide-treated males, 6 control males, and 6 
control females. On PND 31, six males were treated with a GnRH antagonist (Antide) (Bachem 
Distribution Services, Germany; dissolved in 1:1 mixture of propylene glycol:saline) via subcutaneous 
injection at a dose of 8mg/kg (based on previous doses: Brown and Cyrenne, 2011; Habenicht et al., 
1990). This dose was predicted to suppress gonadal hormone production for approximately 5 weeks. 
Control animals (6 males, 6 females) were administered with a subcutaneous injection of the vehicle 
solution on PND 31. All subjects were housed with a same sex partner in the same treatment group. 
Injections were made subcutaneously (By K Kulbarsh) using a 25g 3/8” needle in the nape of the 
neck, and pressure was applied afterwards to ensure that all of the solutions remained under the 
skin. Beginning on PND 21, subjects were removed from their home cages weekly for body weight 
measurement, concluding on PND 77. For anogenital distance measurements, subjects were 
restrained in an age appropriate position (prone for juveniles, supine for adults), and anogenital 
distance was measured using electronic callipers beginning on PND 28. Subjects were then 
immediately returned to the home cage. 
 
Blood Collection 
Blood collection occurred throughout this study in order to obtain samples for the evaluation of the 
specific drug effects on hormone levels throughout adolescence. Following drug administration 
diminished testosterone concentrations in the blood would indicate drug efficacy; the hormone 
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analysis of serum testosterone concentrations will continue beyond the breadth of this thesis.  Two 
weeks after initial drug dosing, blood collection began, taking place at two week intervals on post-
natal days 44/45, 58/59, and 72/73. Anesthesia was induced using 100% O2 at 4 L/min and Isoflurane 
at a diffusion rate of 3-4% for the duration of the procedure; the level of anesthesia was assessed 
using a toe pinch. The subject was placed in a supine position and the tail was heated in warm water 
to facilitate vasodilation, the site was then cleaned with 70% ethanol. A 25g needle was inserted into 
a marginal tail vessel until blood was aspirated. No more than 0.5mL of blood was collected from a 
single animal. Once enough blood was collected, the needle was retracted and digital pressure was 
applied until hemostasis was confirmed. The subject was then immediately removed from anesthesia 
and placed in a heated recovery box where monitoring occurred until full recovery had been 
determined. Blood was allowed to sit over night to coagulate and the following day it was spun in a 
centrifuge at 4,000rpm for 4 minutes to separate the whole blood into its component parts. A 
syringe was used to collect the plasma which was then stored at -80˚C until hormone assays will be 
run. Serum is suitable for the choosen ELISA kit, and additionally sex steroids are large molecules that 
degrade slowly. 
 
Adolescent Play Behaviour: 
Adolescent play behaviour was assessed on post-natal days 36, 37, 38, 39, 40, 41, 42, and 43, by 
introducing individual subjects to novel same-age, same-sex partners and examining social 
interactions. The testing days were picked to more closely examine the period of heightened play 
seen in our previous experiment; additionally the use of novel partners was incorporated to reduce 
any biases based on pre-established relationships potentially producing a clearer behavioural 
difference. Treatment groups alternated in testing order to prevent time-based biases in behaviour; 
additionally novel partners were counter-balanced so that no subject interacted with the same 
partner on any day. The testing apparatus consisted of an enclosed rectangular chamber that 
measured 46.5cm by 32cm and 21cm in height (Figure 3.2.1). Basic testing procedure follows that 
31 
 
described in the previous chapters. From placement in the arena until the end of the 5-minute 
testing session, video was recorded and stored.  Subjects were scored on the following behaviours: 
Table 3.2.1: Behavioural ethogram used in adolescent play behaviour task. 
Behaviour Description 
Nape Bite 
Subject aggressively attacks nape of the neck of the partner from a standing or 
lunging position 
Receive Nape Bite  
Subject aggressively attacks nape of the neck of the partner from a standing or 
lunging position 
Mounted Nape 
Bite 
Subject attacks nape of the neck of the partner with at least 50% of its body on 
top of the partner. Partner must have at least 3 limbs on the ground. 
Receive Mounted 
Nape Bite  
Partner attacks nape of the neck of the subject with at least 50% of its body on 
top of the subject. Subject must have at least 3 limbs on the ground. 
Boxing 
Both partners rear onto hind limbs while facing each other, each making 
contact with one another with at least one paw. 
Supine Pin 
Subject holds partner in supine position until disengagement. At least 3 limbs 
must be off the ground. (Figure 3.2.1) 
Receive Supine Pin  
Subject is held in a supine position by partner until disengagement. At least 3 
limbs must be off the ground. 
Side Pin 
Subject holds partner on side for at least 2 seconds, 2 limbs must be off the 
ground. 
Receive Side Pin  
Partner holds subject on side for at least 2 seconds, 2 limbs must be off the 
ground. 
Total pins 
Total pins were measured by combining the totals of mounted nape bites, 
supine pins, and side pins for either performing or receiving. 
 
 At the conclusion of the run, subjects were immediately removed from the testing chamber, and 
transferred back to their home cage. Following each session, the chamber and procedure room were 
cleaned.  
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Figure 3.2.1: Still from video recording of adolescent play behaviour. Subject is holding 
partner in a pinned position. 
 
Elevated Plus Maze and Light-Dark Box: 
The elevated plus maze and light-dark box were conducted using the same apparatuses, basic testing 
procedures, and ethograms as described in previous chapters. In each task, the subjects were 
individually tested for a single 5-minutes session in the elevated plus maze on post-natal day 101 and 
again in the light-dark box on post-natal day 103. Behavioural data was coded live and checked for 
consistency from recorded videos. 
 
Open Field: 
Subjects underwent the open field test on post-natal day 108. The testing apparatus consisted of a 
chamber measuring 122cm by 122cm and 50cm in height with an open top. Lighting was maintained 
at approximately 50 lux. At the time of testing, subjects were placed in a transfer container and 
conveyed to the procedure room. Subjects were then placed inside the testing arena against one wall 
facing away from the centre. From placement in the arena until the end of the 5-minute testing 
session, video was recorded and stored. Subjects were then immediately removed from the testing 
chamber, and transferred back to their home cage. Following each session, the chamber and 
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procedure room were cleaned. Testing order alternated between the three treatment groups. In 
between each testing session the chamber was cleaned with 70% ethanol to eliminate odours of the 
previous subject. Ten minutes was allowed between tests to allow odours to dissipate. Following the 
conclusion of all behavioural tests, the video was analysed using Ethovision XT software. The 
individual test sessions were scored for time spent in the inner section of the arena (61cm by 61cm), 
time spent in the outer section of the arena, number of transitions between the two sections, 
latency to enter the inner section, the total distance travelled, and the average velocity of 
movement.  
 
Social Novelty Preference Test: 
Subjects were tested in the social novelty preference test on post-natal day 110. The testing 
apparatus consisted of a chamber measuring 117.5cm x 46.5cm x 43.75cm with an open top. In 
opposite corners, two smaller transparent boxes measuring 20cm by 23cm and 45.5cm in height 
were secured to the walls of the apparatus each with air holes. The arena was designated into three 
sections: Middle section measuring 21.5cm x 46.5cm and 43.75cm in height, and two outer sections 
on opposite sides of the middle measuring 48cm x 46.5cm in height 43.75cm each (Figure 3.2.2). 
 
Figure 3.2.2: Illustration of the apparatus used in the social novelty preference test. Once 
both novel object and novel animal are placed in appropriate positions, the subject is placed 
into the middle potion of the arena. 
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 Prior to each testing session, a fine layer of sawdust was distributed over the floor of the 
chamber to model the housing conditions of the subjects. In between each testing session the saw 
dust was removed and the chamber was cleaned with 70% ethanol to eliminate odours of the 
previous subject. Ten minutes was allotted between tests to allow odours to dissipate. At the time of 
testing, an unfamiliar opposite-sex partner of a similar age was placed in a transfer container and 
conveyed to the procedure room. Immediately following this, a separate transfer container was used 
to convey the subject to the procedure room. One of five novel objects (large mug, plastic bottle, 
candle, lego structure, and a ceramic statue) each approximately 10 cm tall was placed inside of one 
of the small transparent boxes. The placement of the novel object and the opposite-sex were 
alternated between tests to prevent place preference biases.  The subject was then placed directly in 
the middle of the test chamber, oriented directly between the two transparent boxes. From 
placement in the arena until the end of the 5-minute testing session, video was recorded and stored. 
Subjects were scored on the following behaviours: 
Table 3.2.2: Behavioural definitions used in social novelty preference test. 
Behaviour Description 
Time near novel object 
Time spent in outer section in with the box 
containing the novel object (all 4 limbs must be 
inside area). 
Time near novel animal 
Time spent in outer section in with the box 
containing the novel opposite-sex animal (all 4 
limbs must be inside area). 
Time in middle 
Time spent in middle section (2 or more limbs 
must be inside area) 
Time investigating novel object 
Time spent actively investigating the box 
containing the novel object. Subject must 
initially touch the box to initiate recording, 
timing stops when the subject moves greater 
than 3cm away from box. 
Time spent investigating novel animal 
Time spent actively investigating the box 
containing the novel opposite-sex animal. 
Subject must initially touch the box to initiate 
recording, timing stops when the subject moves 
greater than 3cm away from box. 
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The duration, frequency, and latency of these behaviours were measured. Subjects were 
then immediately removed from the testing chamber, and transferred back to their home cage. 
Following each session, the chamber, transfer box, and procedure room were cleaned.  Testing order 
alternated between the three treatment groups, no two subjects of the same treatment group were 
tested consecutively.  
 
Sacrifice 
Following all behavioural testing and blood collection, animals were sacrificed using inhalable CO2 on 
post-natal days 124/125. Once death was confirmed, a blood sample was collected from the heart 
(0.5mL), and the male’s testes were removed and weighed. 
 
Statistical Analyses: 
Following all data collection, the results were coded and organized in a series of spreadsheets. 
Statistical analysis was carried out using IBM SPSS version 21 on Windows 7. For all measures a 
Kolmogorov-Smirnoff-Test was performed to assess for normal distribution of data points. All data 
came back normally distributed so continued parametric tests were used. Within-subject Analysis of 
Variances (ANOVAs) with repeated measures for weight and juvenile play behaviour were conducted 
across the days of measurement. For juvenile play behaviour, the repeated measure ANOVA revealed 
no significant main effect of testing day or testing day by treatment; subsequently the behaviour 
across all days was summed and analysed using a multivariate ANOVA. All other data were examined 
using between-subject multivariate ANOVAs with treatment group as the between-subject 
classification. 
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3.3: Results 
Anogenital Distance 
Females were excluded from statistical analysis of anogenital distance due to different anatomies 
that prevented effective comparisons with males. Analyses of male anogenital distances revealed 
significant main effects of both age (F1,10= 251.351, p< .000) and treatment group (F1,10= 27.210, p< 
.000). Additionally, an interaction between age and treatment group was found at PND 35, 42, 49, 
and 56 (F1,10= 8.711, p< .000) and post hoc analyses revealed that differences between groups were 
significant at PND 35, 42, 49, and 56 (p<.01). 
 
Figure 3.3.1: Line graph showing differences in anogenital distance between Antide-treated 
males and control treated males. Drug administration occurred on post-natal day 31. 
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Body and testicular weights 
Analyses revealed a significant main effect of age on weight (F1,10= 4087.586, p< .000, Figure 3.3.2) 
characterized by weight increasing with age. There was no significant main effect of treatment on 
weight (F1,10= 0.004, p= .949), however there was a significant interaction between treatment and 
age on PND 42 and 49 (F1,10= 8.772, p< .000). Additionally, an interaction between age and treatment 
group was found (F1,10= 8.711, p< .000) and post hoc analyses revealed that differences between 
groups were significant at PND 42 and 49 (p<.01) 
Male Weights 
 
 Figure 3.3.2: Line graph showing weight profiles of both Antide-treated and control males. 
 
Analyses revealed no significant main effect of treatment group on testicular weight (T1,10= 
.288, p= .779; Control Males: 2.53 ± .04g; Antide-Treated Males: 2.51 ± .04g).  
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Adolescent play behaviour 
Coding for the play behaviour was grouped into performing and receiving the specific behaviour from 
the focal animal’s perspective. Analyses revealed a significant main effect of treatment group on total 
performed pins (F2,15= 4.112, p= .038; Figure 3.3.3) and on received rough-and-tumble play (F2,15= 
5.771, p= .014; Figure 3.3.3). No significant main effect of treatment group was found on either 
performed nape bites (F2,15= 2.403, p= .124; Antide-treated males: 46.3 ± 6.1; Control males: 51.8 ± 
9.6; Control females: 42.7 ± 4.6) or received nape bites (F2,15= 1.011, p= .388; Antide-treated males: 
40.3 ± 3.7; Control males: 49.2 ± 5.8; Control females: 43.5 ± 3.6). 
 
Figure 3.3.3: Representation of differences in both performed and received rough-and-
tumble play between control males, Antide-treated males, and control females. An “*” 
represents statistically significant difference between two groups. Note how the Antide-
treated males results more closely reflect those of the control females than control males. 
Nape bite frequencies have been excluded as no significant difference between groups was 
noted, possibly due to a limited sample size. 
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Elevated Plus Maze 
Analyses revealed no significant main effects of treatment group on any of the following measures: 
time spent in the closed arms of the arena (F2,15= 0.58, P=.574), time spent in the open arms of the 
arena (F2,15= 2.615, P=0.106), total number of closed arm entrances (F2,15= 1.25, P=0.316), the total 
number of open arm entrances did not differ between treatment groups (F2,15= 0.22, P=0.809), and 
the total number of head dips (F2,15= 0.58, P=0.573). 
 
Table 3.3.1: Behavioural data from elevated plus maze (presented as total mean ± mean 
standard error). 
 Control Males Antide-Treated Males Control Females 
Time in closed 
arms 
69.8 ± 13.5s 86.8 ± 17.7s 91.3 ± 13.3s 
Time in open 
arms 
164.5 ± 14.0s 132.0 ± 8.8s 135.2 ± 9.7s 
Total closed 
arm entrances 
5.5 ± .8 6.7 ± 1.0 7.3 ± .7 
Total open arm 
entrances 
9.3 ± 1.0 8.7 ± .6 8.7 ± .9 
Total head dips 13.2 ± 1.5 11.0 ± 1.1 12.7 ± 1.8 
 
Light/Dark Box 
No significant main effect of treatment group were found on either the time spent in the light 
portion of the arena (F2,15=  0.50, p= 0.615) or the latency to enter the light portion of the arena 
(F2,15= 0.40, p= 0.679). 
Table 3.3.2: Behavioural data from light-dark box (presented as total mean ± mean standard 
error). 
 Control Males Antide-Treated Males Control Females 
Time in lighted 
portion of arena 
85.5 ± 20.6s 65.7 ± 17.8s 87.8 ± 12.0s 
Latency to enter 
lighted portion of 
arena 
34.8 ± 12.9s 72.0 ± 45.8s 52.7 ± 18.5s 
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Open Field 
Similarly, the open field test revealed no significant main effects of treatment group on any of the 
following measures: the total distance travelled (F2,15= 1.59, p=0.237), the total time spent in the 
inner portion of the arena (F2,15= 1.31, p= 0.299), the total time spent in the outer portion of the 
arena (F2,15= 1.50, p= 0.254), the latency to enter the inner portion of the arena (F2,15= 0.80, p= 
0.468), and the average velocity of movement (F2,15= 1.94, p= 0.178).  
Table 3.3.3: Behavioural data from open field test (presented as total mean ± mean standard 
error). 
 Control Males 
Antide-Treated 
Males 
Control Females 
Distance Travelled 3120.2 ± 212.5cm 3232.3 ± 367.5cm 3849.2 ± 333.6cm 
Time in inner 
portion 
11.5 ± 2.7s 11.7 ± 3.5s 20.9 ± 6.8s 
Frequency of inner 
portion entrances 
6.5 ± 1.2 6.0 ± 1.1 10.5 ± 2.7 
Latency to enter 
inner portion 
20.9 ± 8.5s 49.0 ± 26.1s 54.4 ± 21.5s 
Velocity 10.4 ± .7 cm/s 10.8 ± 1.2 cm/s 13.2 ± 1.2 cm/s 
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Social Novelty Preference Test 
Analyses revealed no significant main effects of treatment groups across any of the following 
measures: total time spent in the portion of the arena containing the novel opposite-sex partner  
(F2,15= 0.337, p= 0.719), total time spent in the portion of the arena containing the novel object (F2,15= 
0.041, p=0.960), total time spent investigating the novel opposite-sex partner (F2,15= 0.367, p= 0.699), 
total time spent investigating the novel object (F2,15= 0.190, p= 0.428), and the ratio of time spent 
investigating the novel opposite-sex partner to time spent investigating the novel object (F2,15= 0.90, 
p= 0.428). 
Table 3.3.4: Behavioural data from social novelty preference test (presented as total mean ± 
mean standard error). 
 
 Measure 
Control 
Males 
Antide-
Treated Males 
Control 
Females 
Social Novelty 
Preference Test 
Time in portion of arena 
containing novel animal 
141.0 ± 7.9s 155.2 ± 15.8s 148.4 ± 11.6s 
Time in portion of arena 
containing novel object 
106.9 ± 13.2s 103.2 ± 12.3s 102.6 ± 9.3s 
Time spent investigating 
novel animal 
118.5 ± 8.0s 102.6 ± 17.4s 107.6 ± 13.0s 
Time spent investigating 
novel object 
79.5 ± 6.2s 82.8 ± 11.6s 75.5 ± 6.0s 
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3.4: Discussion 
In this study, we found that adolescent Antide treatment caused significant changes in anogenital 
development, with treated males having a decreased distance. Additionally, when interactions 
between treatment and age were investigated, a significant effect on weight was uncovered. 
Interestingly, though treatment seems to have had multiple measurable physiological effects, testicle 
weight did not vary between treatment groups. In juvenile play, significant effects of treatment group 
were found, specifically in rough-and-tumble play. Control males engaged in more bouts of play than 
did Antide-treated males or control females; furthermore, Antide-treated males did not differ 
significantly from control females. In all other behavioural measures, no significant effect of 
treatment group was found, however trends suggest behavioural differences that could further be 
explored with additional testing. To further elucidate the specific behavioural differences a much 
larger sample size is necessary in future studies. 
In studying the effectiveness of a drug treatment, both physical measures and behavioural 
data provide important and specific insights into the resulting mechanisms and effects. We can see 
from our results that by administering the GnRH-antagonist, Antide, physical measures differ 
between treatment groups. As expected, growth in anogenital distance during adolescence was 
inhibited by drug treatment, suggesting that decreased circulating testosterone caused by Antide 
directly effects sexual development in adolescence. In another measure of total male weight, we see 
that Antide limits growth but only at specific ages directly following drug exposure, possibly implying 
that the immediate reductions in testosterone cause physiological alterations but these do not 
persist into adulthood. Similarly, terminal testicular weight showed no difference between control 
and treated males showing that the drug causes fewer long-term physical effects. This treatment 
seems to provide an ideal approach for studying adolescent hormones as the suppression seems 
temporary without lasting side effects, meaning that one could alter an organism’s serum chemistry 
during a discreet time frame. Further testing will analyse the testosterone concentration of the 
previously collected blood from several weeks to create a timeline of the levels of androgens. 
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 In terms of behavioural testing, the results show trends suggesting Antide treatment causes 
a feminization of anxiety and social behaviours. In the juvenile play task males treated with Antide 
exhibited and received less rough-and-tumble play behaviour than control males. Interestingly, the 
frequency and quality of play behaviour displayed by Antide-treated males more closely resembled 
control female behaviour than control male behaviour, further suggesting that low levels of 
testosterone feminizes adolescent behaviour. As stated earlier, behavioural tests were conducted but 
no significant main effects of treatment were found, however certain trends found provide evidence 
of testosterone's masculating effects. In the elevated plus maze, light/dark box, open field, and 
novelty preference task Antide-treated males results more closely resembled those of the untreated 
females rather than the untreated males. The behavioural results that failed to show a significant sex 
difference may due to the limited sample size of this study; continued studies should use a larger 
number of subjects to more effectively examine these behaviours and potentially expose more 
significant differences between treatment groups. 
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Chapter 4 
Investigation into the role of adolescent gonadal hormones on the development of social, risk-
taking, and anxiety-linked behaviours using a surgical approach 
 
4.1: Introduction 
The aim of this study is to examine the role that hormone exposure plays in the development 
of adult anxiety, risk-taking, and social behaviours by surgically removing the gonads prior to and 
following adolescence and then testing behaviour in adulthood. Surgical methods remain the most 
common technique for global sex-steroid suppression. Previous experiments have utilised surgical 
gonadectomies in animals to examine pubertal hormones, by removing the gonads hormone 
production is effectively halted allowing for comparison with other control or experimentally 
manipulated subjects. Syrian Golden Hamsters castrated prior to adolescence and then administered 
supplemental testosterone in adulthood exhibited fewer instances of male sexual behaviour when 
compared to males castrated following puberty (Sisk, 2006). This implies that the sexual behaviour is 
dependent on time-sensitive testosterone exposure in males. 
Similarly, in my study, surgeries are timed around adolescence so we can study the roles that 
these hormones play in the development of anxiety, risk-taking, and social behaviours in adulthood. 
Following the surgery, no endogenous production of sex-steroids will take place for the duration of 
the subject’s life; by examining the two different treatment groups, one exposed to reduced gonadal 
hormones during adolescence and one with natural levels of gonadal hormones, we will witness the 
effects that adolescent hormones have on adult behaviour. The behavioural tests included the 
elevated plus maze, the light-dark box, the open field test, and a social novelty task. We predicted 
that males with lower levels of testosterone during adolescence would present more feminized 
behaviours in adulthood such as lower levels of avoidance behaviour in the anxiety measures, 
increased locomotor activity, and decreased typical male sexual behaviour. Conversely we predicted 
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that females with lower levels of oestrogen and progesterone during adolescence would exhibit 
more masculinised behaviours in adulthood. 
 
4.2 Methods 
Subjects 
All subjects were bred from an in-house colony of Lister-hooded rats (Rattus norvegicus) 
(breeding stock acquired from Harlan, Blackthorn, UK). Subjects are maintained in a controlled 
environment (lights on 07:00-19:00 at approximately 50 lux; temperature 20 ± 1˚C; relative humidity 
55 ± 5%) housed in plastic opaque and wire mesh cages (52cm x 40cm x 26cm). Water and soy-free 
pellets were available ad libitum. Forty subjects, 20 males and 20 females from four different 
breeding dames, were weaned at post-natal day 24 into same-sex groups with littermates. Subjects 
were then separated into same sex pairs on post-natal day 26. Animals were grouped into one of four 
conditions: 10 early castrated males (E-CAS), 10 late castrated males (L-CAS), 10 early ovariectomy 
females (E-OVX), and 10 late ovariectomy females (L-OVX). All guidelines and requirements set out in 
the Principles of Laboratory Animal Care (National Institutes of Health, U.S.A., Publication No. 86-23, 
revised 1985) and the U.K. Animals (Scientific Procedures) Act 1986 were followed. The research was 
carried out under Home Office project licence number 60/4354. 
 
Identification, weight and anogenital distance measurements 
 Beginning on post-natal day 21, subjects were removed from their home cages weekly for 
handling and measurements concluding on post-natal day 77. Procedures follows the methods 
described in Chapter 3 section 2. 
 
Surgery 
Surgeries were performed either pre-pubescently or post-pubescently at post-natal days 
32/33 and 58/59 respectively by the project supervisor (GB). On the day of surgery all equipment 
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was sterilized using a temperature-controlled autoclave. Anesthesia was induced using 100% O2 at 4 
L/min and Isoflurane at a diffusion rate of 3-4%, the level of anesthesia was assessed using a toe 
pinch. An injection of Metacam, a non-steroidal anti-inflammatory drug, was administered at 
0.5mg/kg via a subcutaneous injection into the nape of the neck. 
 Castration was initiated by using sharp dissection, the scrotal skin was opened and retracted 
to provide maximum visibility. The testicle was then located, mobilized, externalized, and removed 
from the scrotum. An ovariectomy was initiated using sharp dissection, the skin lateral to the erector 
spinae muscle and then the peritoneum were opened. The ovary was then isolated, mobilized, 
externalized, and removed through the incision. The second ovary was then removed following the 
same procedure. All incisions were then closed using an appropriate suturing technique. Subjects 
were then immediately removed from anesthesia and placed in a heated recovery box where 
monitoring occurred until full recovery had been determined. The subject was then transferred to a 
new cage where they were singly-housed for the following 2 days. Metacam was administered daily 
via food pellets for the duration of recovery. Subjects were then reintroduced to their previous cage 
mate.  
 
Behavioural testing: 
The elevated plus maze, light-dark box, open field test, and social novelty tasks were 
conducted using the same apparatuses, basic testing procedures, and ethograms as described in 
previous chapters. Subjects were tested in adulthood on PND 101 in elevated plus maze, day 103 in 
the light-dark box, day 108 in the open field test, and day 110 in the social novelty task. Behavioural 
data were coded live and checked for consistency from recorded videos. Testing sessions lasted 5 
minutes each. 
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Statistical Analyses: 
For the statistical analyses, data from E-CAS males were only compared to L-CAS males, and 
E-OVX females were only compared to L-OVX females, as the main predictions were made within, 
rather than between, the sexes. Following all data collection, the results were coded and organized in 
a series of spreadsheets. Statistical analysis was carried out using IBM SPSS version 21 on Windows 
7. For all measures a Kolmogorov-Smirnoff-Test was performed to assess for normal distribution of 
data points. All data came back normally distributed so continued parametric tests were conducted. 
A within-subject Analysis of Variances (ANOVAs) with repeated measures for weight and anogenital 
distance was conducted across the days of measurement. All other data were examined using 
between-subject multivariate ANOVAs with treatment group as the between-subject variable. 
 
Experimental Endpoints: 
The study was terminated on post-natal days 137/ 138 with the sacrifice of the male subjects 
via intraperitoneal overdose of sodium pentobarbital and subsequent tissue collection. Brains were 
harvested and stored for future analysis of androgen receptor density. Females were maintained for 
further testing beyond these experimental endpoints. 
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4.3: Results- Male 
Castration Weights 
Analyses revealed a significant main effect of age (F1,18= 2917.271, p< .000; Figure 4.3.1) with 
subjects increasing in weight as they grow older. There was no significant main effect of treatment 
group (F1,18= 1.688, p= .210), however an interaction between age and treatment group was found 
(F1,18= 3.463, p= 0.001), with post analyses revealing a significant difference between groups on PND 
56 only (p<0.05). 
 
Figure 4.3.1: Line graph displaying weight differences between early-castrated males (post-
natal day 32/33) and late-castrated males (post-natal day 58/59). 
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Elevated Plus Maze 
There was a significant main effect of treatment group on time spent in the open arms (F1,18= 
5.86, p=0.026) and the total number of open arm entrances (F1,18=  4.80 , p= 0.042) with E-CAS males 
spending more time in the open arms (E-CAS: 157.7 ± 3.8s; L-CAS: 126.8 ± 12.2s; Figure 4.3.2a) and 
entering the open arms more frequently than the L-CAS males (E-CAS: 10.4 ± .5; L-CAS: 8.6 ± .6; 
Figure 4.3.2b). However, neither the time spent in the closed arms (F1,18= 3.15, P=.093; E-CAS: 65.0 ± 
5.5s; L-CAS: 84.6 ± 9.6s; Figure 4.3.2a) nor the total number of closed arm entrances (F1,18= 0.48, 
P=0.499; E-CAS: 6.9 ± .4; L-CAS: 7.4 ± .6; Figure 4.3.2b) differed between treatment groups.  
Additionally, a significant main effect of treatment group on the total number of head dips was found 
(F1,18= 12.85, p=0.002) with E-CAS males performing more head dips than their L-CAS counterparts 
(E-CAS: 12.3 ± .7; L-CAS: 8.2 ± .9; Figure 4.3.2b). 
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Figure 4.3.2(a,b): (a) Representation of treatment group differences in regards to average 
time spent in both closed and open arms of the arena. (b) Treatment group differences in 
frequency of closed and open entrances as well head dips. 
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Castration- Light/Dark Box 
Analysis revealed a significant main effect of treatment group on the time spent in the 
lighted portion of the arena (F1,18= 7.74, P= 0.012) with E-CAS males spending more time in the light 
(E-CAS: 70.4 ± 14.3; L-CAS: 28.2 ± 5.5; Figure 4.3.3). However, no significant effect between 
treatment groups was found on the Latency to enter the lighted portion (F1,18= 1.37, P= 0.257; E-CAS: 
33.4 ± 11.4s; L-CAS: 70.8 ± 29.9s; Figure 4.3.3).  
 
Figure 4.3.3 Graphic representation of treatment group difference on behaviour in the light-
dark box. 
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Castration- Open Field 
No significant main effects of treatment group was found in the open field test, measures 
included the cumulative distance travelled (F1,18= 0.62, p=0.440), the time spent in the inner portion 
of the arena (F1,18=0.22, p= 0.644), the time spent in the outer portion of the arena (F1,18= 0.173, p= 
0.68) the total number of entrances to the inner portion of the arena (F1,18=0.700, p=0.414), the 
latency to enter the inner portion of the arena (F1,18=0.98, p= 0.336), and the average velocity of 
movement (F1,18= 0.62, p= 0.442).  
 
Table 4.3.1: Behavioural data from E-CAS and L-CAS males in open field test (presented as 
total mean ± mean standard error). 
 Early Castration Late Castration 
Distance travelled 3716.3 ± 211.2cm 3972.3 ± 245.9cm 
Time spent in inner portion 25.6 ± 10.0s 20.7 ± 2.4s 
Frequency of inner portion entrances 12.0 ± 2.2 14.3 ± 1.6 
Latency to enter inner portion 14.9 ± 5.4s 22.0 ± 4.8s 
Velocity 0.125 ± .007 m/s  0. 133 ± .008 m/s  
 
 
 
 
 
 
 
 
 
 
 
53 
 
Castration- Social Novelty Preference Test 
Analysis revealed a significant main effect of treatment group on the total time spent 
investigating the chamber containing the novel opposite-sex partner (F1,18= 9.77, p= 0.006) with L-
CAS males spending more time actively investigating the novel opposite-sex partner than their E-CAS 
counterparts(L-CAS: 81.9 ± 6.8s; E-CAS: 54.5 ± 5.5s; Figure 4.3.4). No significant effect of treatment 
group was found on the time spent in the portion of the arena containing the novel opposite-sex 
partner (F1,18= 2.09, p= 0.166; E-CAS: 127.9 ± 11.9s; L-CAS: 148.5 ± 8.0s), the time spent in the 
portion of the arena containing the novel object (F1,18= 1.36, p=0.258; E-CAS: 108.9 ± 9.5s; L-CAS: 
95.2 ± 7.0s), or the time spent actively investigating the novel object (F1,18= 0.001, p= 0.977; E-CAS: 
29.3 ± 4.6s; L-CAS: 29.1 ± 4.6s; Figure 4.3.4).  
 
Figure 4.3.4: Differences in average time spent investigating novel animal and novel object 
between E-CAS and L-CAS males. When compared to males castrated prior to puberty, males 
castrated later spent significantly more time investigating the novel female but not the novel 
object. 
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4.4: Results- Female 
 
Ovariectomy- Weights 
Significant main effects of both age (F1,18= 3324.896, p< .000) and treatment group (F1,18= 12.700, p= 
.002) were found (Figure 4.3.5). Additionally, analyses revealed an interaction between age and 
treatment group (F1,18= 68.120, p< .000), with post-hoc analyses revealing significant differences 
between groups on PND 49, 56, 63, 70, and 77 (p<0.05). 
 
Figure 4.3.5: Line graph displaying weight differences between early-castrated males (post-
natal day 32/33) and late-castrated males (post-natal day 58/59). 
 
 
 
 
 
55 
 
 
Ovariectomy- Elevated Plus Maze 
A significant main effect of treatment group was found on the total time spent in both the 
open and closed arms of the apparatus. E-OVX females spent more time in the open arms than did 
their L-OVX counterparts (F1,18= 7.70, p= 0.012; E-OVX: 162.3 ± 10.1s; L-OVX: 128.6 ± 6.7s; Figure 
4.3.6a). L-OVX females spent more time in the closed arms than did the E-OVX females (F1,18= 13.11, 
p= 0.002; E-OVX: 62.6 ± 6.0s; L-OVX: 95.6 ± 6.9s; Figure 4.3.6a). Similarly, the number of entrances 
into both the closed and open arms differed between treatment groups with E-OVX females entering 
the open arms more frequently (F1,18= 4.52, p= 0.048; E-OVX: 10.3 ± .5; L-OVX: 8.9 ±.4; Figure 4.3.6b) 
and L-OVX females entering the closed arms more frequently (F1,18= 5.01, p= 0.038; E-OVX:  7.1 ± .6; 
L-OVX: 9.1 ± .6; Figure 4.3.6b) Additionally, the total number of head dips differed between 
treatment groups  with E-OVX performing more (F1,18= 10.99, p= 0.004; E-OVX: 17.6 ± 1.24; L-OVX: 
12.6 ± .9; Figure 4.3.6b).  
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Figure 4.3.6(a,b): (a) Representation of treatment group differences in regards to average 
time spent in both closed and open arms of the arena. (b) Treatment group differences in 
frequency of closed and open entrances as well head dips. 
 
57 
 
Ovariectomy- Light/Dark Box 
No significant main effects of treatment groups were found in the light-dark box test. 
Measures included the time total spent in the lighted portion of the arena (F1,18= 1.58, p=0.225; E-
OVX: 10.2 ± 4.4s; L-OVX: 18.1 ± 4.5s), the latency to enter the lighted portion of the arena (F1,18= 
2.68, p= 0.119; E-OVX: 204.9 ± 36.0s; L-OVX: 128.4 ± 29.9s), the total number of peaks into lighted 
portion of the arena (F1,18= 0.42, p= 0.525; E-OVX:  5.2 ± .7; L-OVX: 5.8 ± .6), and the latency to peak 
into the lighted portion of the arena (F1,18= .0244, p= 0.627; E-OVX: 25.3 ± 7.9s; L-OVX: 20.3 ± 6.0s).  
 
Ovariectomy- Open Field 
No significant main effects of treatment groups were found in the open field test, measures 
included the cumulative distance travelled (F1,18= 0.17, p=0.690), the time spent in the inner portion 
of the arena (F1,18=0.67, p= 0.424), the time spent in the outer portion of the arena (F1,18= 0.81, p= 
0.381), the latency to enter the inner portion of the arena (F1,18= 2.65, p= 0.121), and the average 
velocity of movement (F1,18= 1.15, p= 0.298).  
Table 4.3.2: Behavioural data from E-OVX and L-OVX males in open field test (presented as 
total mean ± mean standard error). 
 Early Ovariectomy Late Ovariectomy 
Distance travelled 3829.3 ± 225.4cm 3946.5 ± 180.8cm 
Time spent in inner portion 24.5 ± 3.4s 20.8 ± 3.1s 
Frequency of inner portion entrances 10.4 ± 1.4 8.5 ± 1.1 
Latency to enter inner portion 11.5 ± 3.3s 27.3 ± 9.1 
Velocity 0.128 ± .008 m/s  0.132 ± .006 m/s  
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4.5 Discussion 
 In this study, we found that rats gonadectomised prior to adolescence differed from those 
gonadectomised later in both physical and behavioural measures. Early castrated males weighed 
less, spent more time in open arms of the elevated plus maze and in the lit chamber of the light-dark 
box, and spent less time investigating a novel opposite sex partner when compared to males 
castrated following adolescence. Early ovariectomised females weighed more, spent more time in 
the open arms and less time in the closed arms of the elevated plus maze. 
The gonadectomies performed prior to and following puberty caused permanent testicular 
and ovarian hormonal suppression; subsequently in adulthood, levels of circulating sex steroids are 
drastrically lower. It is worth noting that small amounts of these steroids are still produced from 
other glands such as the adrenal cortex. As both treatment groups lack adult hormones, the 
differences seen can be attribute solely to the timing of the surgery. Males that underwent early 
castration (E-CAS) weighed less throughout the remainder of the study than the males that 
underwent late castration (L-CAS). Conversely but as predicted, early ovariectomised females (E-OVX) 
gained weight more rapidly than the late ovariectomised females (L-OVX). Ovariectomies are known 
to cause an increase in food intake and weight gain (Roesch, 2006), which can be attributed to lower 
levels of oestrogen.  
Most of the behavioural tests administered are well-published and validated in regards to sex 
differences; in this study we viewed behavioural profiles on a spectrum from masculinized to 
feminized, predicting that lower levels of adolescent testosterone would produce more female-like 
outcomes. In our elevated plus maze, the E-CAS males spent more time in the open arms and less 
time in the closed arms than their L-CAS subjects; this implies that the E-CAS males exhibit lower, 
female-like levels of avoidance compared to the L-CAS males. In the female elevated plus maze, L-
OVX females displayed more avoidance behaviour than their E-OVX counterparts. These findings 
suggest that decreasing both adolescent testosterone and oestrogen facilitates lower levels of 
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avoidance anxiety in rats; being that testosterone is transformed to estradiol endogenously, the 
effects witnessed may be caused by the effects of downstream metabolites of these androgens.  
Similarly to the elevated plus maze, in the light-dark box, E-CAS males displayed lower levels 
of exposure anxiety by spending more time in the lighted portion of the arena and entering it more 
frequently than the L-CAS subjects. As witnessed before, adolescent testosterone seems to have an 
anxiogenic effect on adult behaviour. Interestingly, though E-OVX females exhibited lower levels of 
anxiety in the elevated plus maze, no significant main effect of treatment was seen in the light-dark 
box. Though the tasks both are measures of anxiety, they may activate different mechanisms; the 
effects of progesterone and oestrogen on anxiety-like behaviour may vary greatly from the effects of 
testosterone. Further and more specific behavioural testing is necessary to determine what different 
aspects of anxiety-like behaviour are dependent on sex steroid exposure. 
In the open field test, no treatment differences were elucidated in either males or females. 
Generally females participate in greater locomotion (Slob et al., 1981); as the timing of surgery had 
little effect on locomotor activity one could hypothesize that adolescent androgens may not affect 
this behaviour. This result also further suggests that the behavioural differences seen in the elevated 
plus maze and light-dark box are a result of anxiety-linked mechanisms instead of simply increased 
movement. Locomotion can play a confounding factor in the other anxiety measures, for instance 
varying levels of movement may cause the differences seen in the number of arm or chamber entries 
between treatment groups in the elevated plus maze and light-dark box respectively. The results of 
the open field show that locomotor activity was not affected by the surgical manipulation and 
subsequently should not influence the other results.  
The social novelty task conducted in males coincided with published data providing evidence 
that adolescent testosterone masculinizes adult sexual behaviour (Sisk, 2005). The L-CAS males spent 
more time actively investigating a novel conspecific female than did the E-CAS subjects, however 
treatment group did not influence the time spent investigating the novel object. This suggests that 
adolescent testosterone may have a greater impact on the development of social behaviours than on 
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impulsiveness. These results along with the previously described behavioural measures lend to the 
theory that adolescent hormones play an important role in shaping adult social and anxiety 
behaviours.  
Future directions should provide supplemental hormone therapy in adulthood to more 
accurately model naturalistic adult behaviour where endogenous androgens are still present. 
Continued studies are necessary to understand the effects of sex steroids on each individual 
behavioural measure; these studies should utilise a larger sample size and should reframe from serial 
testing to avoid testing habituation. Further analysis of the collected brain tissue using quantitative- 
PCR will examine the densities of androgen receptors in specific brain regions associated with 
anxiety, risk-taking, and social behaviours. Following studies may be conducted to determine 
receptor densities of the various oestrogen receptors due to testosterones endogenous conversion 
to estradiol. 
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Chapter 5: General discussion 
 The results of our studies contribute new evidence both supporting current literature and 
providing new insights into the roles that sex steroids play during adolescence on the development 
of adult behaviour. Our initial predictions followed the premise that lowering levels of testosterone 
would demasculinise or feminize the male brain while lowering the levels of oestrogen would 
defeminize or masculinize the female brain in our adult behavioural measures (Sisk, 2005). Our 
findings suggest adolescent hormones reorganize neural anatomy and physiology permanently 
impacting the acquisition of social, anxiety, and risk-taking behaviour. 
 To appropriately interpret the results of our behavioural measures in relation to the 
treatments given, we must look at the underlying effects of the individual treatment protocols. In the 
three different studies, hormone manipulation was non-existent, temporary, or permanent 
respectively providing multiple perspectives on the specific role hormones play. Identifying the 
variations in behaviour between treatment groups in comparison to the underlying hormonal 
environment may elucidate the mechanisms that determine the development of certain behaviours 
in adulthood. 
 In study 1, untreated males and females were examined behaviourally in adolescence and 
adulthood; being that no treatment was administered, both sexes experienced natural levels of sex 
steroid exposure from conception through adulthood as described previously. In general, the sexes 
are known to vary greatly in many behavioural measures from anxiety to sexual interactions; since no 
experimental manipulations were made to the subjects of our study, the differences seen may result 
from numerous origins both related and unrelated to hormonal exposure (Lenroot, 2010). To utilise 
these results to investigate the specific role sex steroids in organizing behaviour, comparison with 
evidence from studies 2 and 3 is essential. 
 Study 2 used the GnRH-antagonist Antide to supress gonadal hormone production 
temporarily during puberty, theoretically allowing for near homeostatic levels of synthesis in 
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adulthood once the drug was metabolized and secreted; whereas study 3 used surgical 
gonadectomies to permanently supress hormonal production. Though subjects experienced lower 
levels of adolescent sex steroids in both experiments, adult exposure differed drastically. These 
treatments model both treated and untreated forms of adolescence Idiopathic Hypogonadatropic 
Hypogonadism, a condition found in humans caused by underdeveloped gonads that results in 
reduced steroid production among other complications; treatment usually includes hormone therapy 
to correct the condition immediately. Since hormones are present in adulthood in study 2, we can 
examine how testosterone and oestrogen during adolescence sensitizes the brain to adult exposure; 
differences seen between the treatment groups may be attributed to how reorganisation 
functionally alters the immediate physiological effects that these hormones generally have in adult 
brains. In study 3, as no hormone replacement occurs following surgery, we can examine how 
organisational steroids alter behaviour in ways outside of effecting adult hormone sensitivity. By 
comparing the results of all three studies, a clearer picture of the role these hormones play in 
organising adult behaviour emerges. 
 Sex steroids are known to directly influence sexual and social interactions both immediately 
and longitudinally (Sisk, 2005). Our socially-directed behavioural tests, the juvenile play task and the 
social novelty preference test, support the growing body of literature suggesting that testosterone 
during adolescence shapes male-typical social behaviour in adulthood (Sisk, 2004). Our untreated 
males engaged in more rough-and-tumble play than their female or Antide-treated counterparts in 
studies 1 and 2 respectively. To interpret these results we must understand what is occurring 
hormonally: because testing occurs so closely after treatment little time for brain reorganisation 
occurs, implying that these differences are most likely due to the immediate effects of circulating 
testosterone instead of the permanent neural changes possibly caused my adolescent testosterone 
exposure. Much data exists showing the importance of testosterone in reorganising the brain to 
display sexual behaviour; as described earlier, prepubertally castrated animals failed to display 
comparable levels of male sexual behaviour exhibited by postpubertally castrated males when 
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hormone replacement was administered in adulthood (Sisk, 2005). The social novelty preference test 
we administered more closely examines the development of sexual motivation than the acquisition 
of sexual behaviour. We found that with reduced adolescent testosterone males displayed less 
interest in novel female rats than males with unaltered adolescent testosterone. Interestingly, by 
placing both an unfamiliar female and an unfamiliar object in the arena we compared preferences to 
social novelty versus object novelty; both of which have been reported to be affected by 
organisational steroid exposure (Brown and Cyrenne, 2011). We found no difference in time spent 
investigating the novel object between treatment groups, however ECAS males spent less time 
investigating the novel female when compared to LCAS males. This may suggest the testosterone 
plays a more direct role in organising sexual behaviour than investigatory behaviour. 
 Anxiety behaviour has been closely linked to the endocrine system via the HPA and HPG axes 
which depend heavily on hormonal influences (Brown and Spencer, 2013; Spear, 2000). Since 
testosterone acts on multiple targets in the systems that regulate stress response and is also known 
to directly reduce anxiety behaviour in male rodents (Aikey, 2002), it likely plays an important role in 
the acquisition of these adaptive behaviours. Our measures of anxiety (the elevated plus maze, light-
dark box, and open field) individually examine various aspects of the behaviour that may be 
regulated via different mechanisms; subsequently testosterone may affect some stress response 
measures, but not others. Our results from the elevated plus maze and light-dark box provide 
evidence for testosterones organisational effects on avoidance behaviour; typically, males exhibit 
greater avoidance behaviour in these measures by spending less time in the “exposed” portion of the 
respective arena. Often differences in anxiety tests may be attributed to varying levels of locomotor 
activity in the particular arena; however, our open filed test found no significant difference in velocity 
or distance travelled implying that the differences between treatment groups cannot be solely due to 
movement behaviour variations. Combined, these results suggest that adolescent testosterone plays 
a key role in the development of avoidance anxiety commonly seen in adult males. Evolutionarily 
speaking, avoidance anxiety is useful in altricial species such as humans and rats where individuals 
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leave maternal care around the time of adolescence; these behaviours help animals assess their 
surroundings and employ appropriate survival techniques (Spear, 2000). Males more frequently 
migrate away to new social groups than females, aligning with the theory that testosterone organises 
avoidance anxiety. 
 Looking at the three studies side-by-side provides insight into the relationship these sex 
steroids have to the development of adult-typical behaviour; specifically the different organisational 
effects of testosterone versus oestrogen. Looking at study 1 we clearly see that females exhibit 
behavioural differences in play behaviour from males and in study 2 we see that antide-treated 
males engaged in levels of play similar to those seen in females: this could suggest the development 
of play behaviour depends on the activational role of testosterone. In study 1 clear sex differences 
were noted in the light-dark box, however in study 3 E-OVX females did not differ from L-OVX 
females whereas E-CAS males did differ from L-CAS males possibly implying that the sex behavioural 
differences seen are dependent of time-sensitive testosterone exposure. 
 Though our results to suggest that behavioural sex differences are controlled largely by the 
effects of hormonal exposure, we cannot rule out the effects of genetic sex. Sex differences observed 
may be based on the genetic material encoded on sex chromosome separate from the sex 
determining region (McCarthy, 2012). 
 Further experimentations with a refined methodology in necessary to draw further 
conclusions. In future studies care should be taken to allow for an increased sample size; this would 
allow for a wider range of behavioural tests across all experimental manipulations without 
compromising data integrity due to testing habituation. A larger pool of subjects would also allow for 
the use of sham animals in our surgical experiments enabling better comparison. Limited resources 
also prevented checks for female menstrual cycling patterns or experimenter blinding from 
treatment groups which could be addressed with the help of independent researchers. 
 Together our results suggest that sex steroids during adolescence organise the development 
of many important survival and reproductive behaviours in adulthood both immediately and 
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permanently by altering neural anatomy and physiology. Further exploration is needed into the 
mechanisms by which this reorganisation occurs using quantitative measures of hormone 
concentrations and hormone receptor densities; as well more detailed behavioural testing across a 
wide range of species would better elucidate the specific components of anxiety, risk-taking, and 
social interactions that are determined by pubertal hormones. 
   
66 
 
References 
 Aikey J. Testosterone rapidly reduces anxiety in male house mice (Mus musculus). Hormones 
and behavior. 2002-12; 42: 448-460. 
 Cooke BM. Effects of prepubertal gonadectomy on a male-typical behavior and excitatory 
synaptic transmission in the amygdala. Developmental neurobiology , 2009; 69: 141-52.  
 Blakemore S. Imaging brain development: the adolescent brain. NeuroImage. 2012-06; 61: 
397-406. 
 Brown GR. and Cyrenne DM.  Effects of suppressing gonadal hormones on response to novel 
objects in adolescent rats. Hormones and Behavior.  2011; 60: 625-31. Print. 
 Brown G. and Spencer K. Steroid hormones, stress and the adolescent brain: a comparative 
perspective. Neuroscience. 2013-09-26; 249: 115-128. 
 Calandra, R.S., K. Purvis, et al. Androgen receptors in the rat adrenal gland. Journal of Steroid 
Biochemistry. 1978; 9.10: 1009-15. Print. 
 Cox R. Manipulating testosterone to assess links between behavior, morphology, and 
performance in the Brown Anole Anolis sagrei. Physiological and biochemical zoology. 2009; 
82: 686-698. 
 
 Evans RM. The steroid and thyroid hormone receptor superfamily. Science. 1988-05-13; 240: 
889-895. 
 
 Geidd, Jay N., et al. "Brain development during childhood and adolescence: a longitudinal 
MRI study." Nature neuroscience. 1999; 2.10: 861-863. 
 
 Green M. Social instability stress in adolescence increases anxiety and reduces social 
interactions in adulthood in male Long-Evans rats. Developmental psychobiology. 2013-12; 
55: 849-859. 
 
 Hall ZJ, MacDougall-Shackleton SA. Influence of Testosterone Metabolites on Song-Control 
System Neuroplasticity during Photostimulation in Adult European Starlings (Sturnus 
vulgaris). PLoS ONE 7; 2012. 
 Hankin, B. L., Abramson, L. Y., Moffitt, T. E., Silva, P. A., McGee, R., & Angell, K. E. 
Development of depression from preadolescence to young adulthood: emerging gender 
differences in a 10-year longitudinal study. Journal of Abnormal Psychology. 1998; 107: 128-
140. 
 Habenicht, U.-F., Schneider, M.R., Etreby, M.F.E.. Effect of the new potent LHRH antagonist 
Antide. J. Steroid Biochem. Molec. Biol. 1990; 37, 937-942. 
 Heber D. Pituitary receptor site blockade by a gonadotropin-releasing hormone antagonist in 
vivo: mechanism of action. Science. 1982-04-23; 216: 420-421. 
 
 Hier D. Spatial ability in androgen-deficient men. The New England journal of medicine. 
1982-05-20; 306: 1202-1205. 
 
67 
 
 Hughes R et al. Room novelty, sex, scopolamine and their interactions as determinants of 
general activity and rearing, and light–dark preferences in rats, Behavioural Processes. 2004-
9-30; 67: 173-181 
 
 Imhof J. Influence of gender and age on performance of rats in the elevated plus maze 
apparatus, Behavioural Brain Research. Pages 1993-9-30; 56: 177-180 
 Juraska JM. Sexual differentiation of the adolescent rodent brain: hormonal influences and 
developmental mechanisms. Hormones and behavior. 2013-07; 64: 203-10. 
 King J. Deficits in testosterone facilitate enhanced fear response. Psychoneuroendocrinology. 
2005-05; 30: 333-340 
 
 Klein Z. The effects of stress on play and home cage behaviors in adolescent male rats. 
Developmental psychobiology. 2010-01; 52: 62-70. 
 
 Koren L. Cortisol and corticosterone independence in cortisol-dominant wildlife. General and 
comparative endocrinology. 2012; 177: 113-119. 
 
 Lenroot R. Sex differences in the adolescent brain. Brain and cognition. 2010-02 72: 46-55. 
 
 Lynn D.A., Brown G.R. The ontogeny of exploratory behaviour in male and female adolescent 
rats (Rattus norvegicus) Dev. Psychobiol. 2009; 51: 513–520 
 
 Lynn D.A., Brown G.R. The ontogeny of anxiety-like behaviour in rats from adolescence to 
adulthood. Dev. Psychobiol. 2010; 52: 731–739 
 
 McCarthy M. Sex differences in the brain: the not so inconvenient truth. The Journal of 
neuroscience. 2012-02-15; 32: 2241-2247. 
 
 Miller L. Physical and behavioral aspects of sexual maturation in male golden hamsters. 
Journal of comparative & physiological psychology. 1977-04; 91: 245-259. 
 
 Moradpour F. Pre-pubertal castration improves spatial learning during mid-adolescence in 
rats. Progress in neuro-psychopharmacology & biological psychiatry. 2013-10-01; 46: 105-
112. 
 
 Myers B. Differential involvement of amygdala corticosteroid receptors in visceral 
hyperalgesia following acute or repeated stress. American journal of physiology: 
Gastrointestinal and liver physiology. 2012-01-15; 302: G260-6. 
 
 Myers B. McKlveen JM., Herman JP., Glucocorticoid actions on synapses, circuits, and 
behavior: Implications for the energetics of stress, Frontiers in Neuroendocrinology. 2014-4; 
35: 180-196 
 
 Naess, O. "Characterization of the androgen receptors in the hypothalamus, preoptic area 
and brain cortex of the rat. Steroids. 1976; 27.2: 167-85. Print. 
 Nugent B. Hormonal programming across the lifespan. Hormone and metabolic research. 
2012-07; 44: 577-586. 
68 
 
 Pellis S. The role of the cortex in play fighting by rats: developmental and evolutionary 
implications. Brain, behavior and evolution. 1992; 39: 270-284. 
 Primus R. Gonadal status and pubertal age influence the responsiveness of the 
benzodiazepine/GABA receptor complex to environmental challenge in male rats. Brain 
research. 1991-10-11; 561: 299-306. 
 
 Pusey AE. Behavioural Changes At Adolescence in Chimpanzees. Behaviour. 1990-01; 115: 
203-246. 
 Rhoshel K. Lenroot, Jay N. Giedd, Sex differences in the adolescent brain, Brain and 
Cognition. 2010-2; 72: 46-55 
 Romer D. Adolescent risk taking, impulsivity, and brain development: implications for 
prevention. Developmental psychobiology. 2010-04; 52: 263-276. 
 Russell D. Romeo, Eric Cook-Wiens, Heather N. Richardson, Cheryl L. Sisk, 
Dihydrotestosterone activates sexual behavior in adult male hamsters but not in juveniles, 
Physiology & Behavior. 2001-7; 73: 579-584 
 Sanford EJ, Paulson DF, Rohner TJ Jr, Santen RJ, Bardin CW. The effects of castration on 
adrenal testosterone secretion in men with prostatic carcinoma.  The Journal of Urology. 
1977; 188: 1019-1021. 
 Scheuer J. Effects of gonadectomy and hormonal replacement on rat hearts. Circulation 
research. 1987-07; 61: 12-19. 
 
 Sisk CL. The neural basis of puberty and adolescence. Nature neuroscience. 2004-10; 7: 
1040-7. 
 Sisk CL., Zehr JL, Pubertal hormones organize the adolescent brain and behavior. Biology of 
reproduction. 2005. 
 Sisk CL., Schulz KM. Back to the future: The organizational-activational hypothesis adapted to 
puberty and adolescence. Hormones and behavior. 2009-05; 55: 597-604. 
 Sisk CL, Mohr MA. Pubertally born neurons and glia are functionally integrated into limbic 
and hypothalamic circuits of the male Syrian hamster. Proceedings of the National Academy 
of Sciences - PNAS. 2013; 110: 4792-7. 
 Slob A. Effects of gonadectomy and exogenous gonadal steroids on sex differences in open 
field behaviour of adult rats. Behavioural brain research. 1981-05; 2: 347-362. 
 Spear L. The adolescent brain and age-related behavioral manifestations. Neuroscience and 
biobehavioral reviews. 2000; 24: 417-463. 
 Stroud L. Stress response and the adolescent transition: performance versus peer rejection 
stressors. Development and psychopathology. 2009; 21: 47-68. 
 Sturman D. The neurobiology of adolescence: changes in brain architecture, functional 
dynamics, and behavioral tendencies. Neuroscience and biobehavioral reviews. 2011-08; 35: 
1704-1712. 
69 
 
 Tirelli E. Ontogenesis of behavioral sensitization and conditioned place preference induced 
by psychostimulants in laboratory rodents. Neuroscience and biobehavioral reviews. 2003; 
27: 163-78. 
 Vermeersch H. The role of testosterone in aggressive and non-aggressive risk-taking in 
adolescent boys. Hormones and behavior. 2008-03; 53: 463-471 
 Vetter-O'Hagen C. Hormonal and physical markers of puberty and their relationship to 
adolescent-typical novelty-directed behavior. Developmental psychobiology. 2012; 54: 523-
535 
 Viau V. and Meaney MJ. The Inhibitory Effect of Testosterone on Hypothalmic-Pituitary-
Adrenal Responses to Stress is Mediated by the Medial Preoptic Area. Journal of 
Neuroscience. 1996; 16.5: 1866-76. Print. 
 Villablanca AC, Tetali S, Altman R, Ng KF, Rutledge JC. Testosterone-derived estradiol 
production by male endothelium is robust and dependent on p450 aromatase via estrogen 
receptor alpha. Springerplus. 2013-9; 2: 214. Print. 
 
 Witt D. Progesterone and sexual behavior in males. Psychoneuroendocrinology. 1994; 19: 
553-562. 
 Wallen K. The Organizational Hypothesis: Reflections on the 50th anniversary of the 
publication of Phoenix, Goy, Gerall, and Young (1959). Hormones and behavior. 2009-05; 55: 
561-5. 
 Wingfield JC, The comparative biology of environmental stress: behavioural endocrinology 
and variation in ability to cope with novel, changing environments, Animal Behaviour, 2013; 
5; 1127-33  
 
 Wright CL. Cellular mechanisms of estradiol-mediated sexual differentiation of the brain. 
Trends in endocrinology and metabolism. 2010-09; 21: 553-61 
 
 
 
 
 
 
 
 
 
 
 
 
70 
 
Acknowledgements and Special Thanks 
 
 I would like to thank and acknowledge several individuals and organisations for 
supporting, funding, and assisting in all of the research described above. Without assistance none of 
this would have been possible. Thank you: 
University of St Andrews 
School of Psychology and Neuroscience 
Institute for Behavioural and Neural Sciences (IBANS) 
Dr. Gillian Brown and lab group 
Dr. Karen Spencer and lab group 
SMAU support staff 
 
 
